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Abstract A computer-based analysis was conducted to assess
the characteristics of microsatellites in transcribed regions of
rice and Arabidopsis. In addition, two mammals were simulta-
neously analyzed for a comparative analysis. Our analyses con-
¢rmed a novel plant-speci¢c feature in which there is a gradient
in microsatellite density along the direction of transcription. It
was also con¢rmed that pyrimidine-rich microsatellites are
found intensively near the transcription start sites, speci¢cally
in the two plants, but not in the mammals. Our results suggest
that microsatellites located at high frequency in the 5P-£anking
regions of plant genes can potentially act as factors in regulat-
ing gene expression.
# 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
Tandemly repeated sequences are distributed across the
whole genome in many eukaryotes. Their unit length often
classi¢es these sequences. Microsatellites or simple sequence
repeats, one of the major classes of repeats, are each com-
posed of several short (one to six nucleotides) units. Because
of their ubiquitous distribution in the genome, microsatellites
have been used as genetic markers [1,2]. Some recent studies
have focused on their roles inside cells. Typical examples of
these are the studies on triplet repeat disorders in human [3^
6]. Triplet repeat disorders are caused by excessive expansions
of triplet repeats located near or within coding regions. In
particular, studies on the mechanisms of diseases caused by
excessive expansions of triplet repeats in intronic or untrans-
lated regions (UTRs) have given us new insight into the func-
tional roles of microsatellites in transcription or translation.
The excessive expansion of (CGG/CCG)n in the 5P-UTR of
the FMR 1 gene leads to hypermethylation in the microsatel-
lites and the adjacent CpG-rich promoter, resulting in the
repression of gene expression [7]. Another recent study has
also reported the e¡ects of repeats on the transcriptional ac-
tivity of the gene [8]. In addition, repeated amino acid motifs
are also observed in protein structures [9,10]. Therefore, in
some cases microsatellites in coding sequences can be trans-
lated as amino acid motifs.
Because microsatellites have generally been considered
‘junk DNA’, useless DNA sequences in intergenic regions of
the genome, there have been few reports of the functional
features of microsatellites in the transcribed regions of plants.
Statistical analysis is one approach to revealing the character-
istics of microsatellites. Although many statistical surveys of
microsatellites in genome sequences have been conducted in
various eukaryotes [9^11], no clear overview of microsatellites
in plants has been available. As a result of the development of
sequencing technology, plant sequence databases have been
rapidly expanded. The growth of these databases gives us
many opportunities to analyze in detail the microsatellites of
plants [12]. Rice is a model species for monocotyledonous
plants, and Arabidopsis is a model for dicotyledonous plants.
The availability of su⁄cient amounts of both genomic and
cDNA data allows us to make a comparative study between
rice and Arabidopsis.
In this report, we describe the characteristics of microsatel-
lites within transcribed regions in rice and Arabidopsis, and
simultaneously in human and mouse for a comparative anal-
ysis.
2. Materials and methods
2.1. Sequence data sources
We used 28 469 full-length cDNA sequences [13] for rice (Oryza
sativa ssp. japonica cv. Nipponbare) from the National Institute of
Agrobiological Sciences (NIAS), 13 095 full-length cDNA sequences
for Arabidopsis thaliana from ftp://ftp.tigr.org/pub/data/a_thaliana/
ceres/CeresTigr (as of 2 March 2001) and ftp://pfgweb.gsc.riken.
go.jp/ra£/sequence/cDNA_020509_full_length.txt.gz (as of 9 May
2002), 21 245 full-length cDNA sequences for human (Homo sapiens)
from http://www.ddbj.nig.ac.jp/, and 60 770 full-length cDNA sequen-
ces for mouse (Mus musculus) from ftp://fantom2.gsc.riken.go.jp/
fantom/2.1/fantom2.00.seq.gz (FANTOM DB 2.1) [14]. We retrieved
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genomic sequences for rice from http://rgp.dna.a¡rc.go.jp/ (as of 16
October 2002) and http://www.tmri.org/. We downloaded genomic
sequences for Arabidopsis as of 31 January 2003 from ftp://ftp.ncbi.
nih.gov/genomes/A_thaliana/, for mouse from ftp://wolfram.wi.mit.
edu/pub/mouse_contigs/MGSC_V3/ (Mouse Genome Sequencing Con-
sortium (MGSC) whole genome mouse assembly, version 3) and for
human from ftp://ftp.ensembl.org/pub/human-9.30/data/golden_path/.
ORF information corresponding to each cDNA was obtained from
http://www.ncbi.nlm.nih.gov/entrez/. Redundancies of cDNA sequen-
ces in rice were reduced by Blastn homology searches (ftp://ftp.ncbi.
nih.gov/blast/). PolyA tracts that present at the 3P-ends of cDNA
sequences were removed to preclude their e¡ects on the results.
2.2. Mapping of cDNA to the genomes
cDNA sequences were mapped to genomic sequences using Blastn
homology searches for each species. Exon^intron junctions were de-
tected by SIM4 [15] (http://globin.cse.psu.edu/ftp/dist/sim4/). In this
process, cDNA sequences with less than 95% homology with genomic
sequences in 95% of the length were eliminated.
2.3. Repeat detection
The repeat ¢nding program was written in C. We set the criteria for
detection of tandem repeats in each sequence as follows. The mini-
mum and maximum lengths of the repeat motif were set to 1 bp and
6 bp, respectively. The total size of each repeat was more than 11 bp,
and the minimum number of units was three. Only perfect repeats,
those without insertion, deletion, or substitution, were counted in this
work. Repeat motifs consisting of di¡erent frames (e.g. AGC, GCA,
CAG) were regarded as the same type of repeat.
3. Results
3.1. Density and composition of microsatellites
Di¡erences in the overall tendencies of microsatellites were
surveyed among the four species. The number of various types
of microsatellites and their densities in cDNA and intronic
regions are given in Tables S1^S4, which can be found only
online. The microsatellite densities in cDNA sequences of
plants were higher than those of mammals, and those of
rice were especially signi¢cant. In contrast, it was observed
that the densities of microsatellites in intronic regions of
plants were lower than those of mammals (Table S1). The
compositions of repeat unit lengths were surveyed in both
cDNA sequences and intronic regions for the four species
(Fig. 1a,b). Di¡erences in the composition of repeat unit
length between cDNA sequences and intronic regions were
observed within taxa. The most characteristic composition
in these di¡erences was the trinucleotide repeat (TNR). In
the cDNA sequences of the plants, TNR frequencies were
signi¢cantly higher than those of other microsatellites, but
this was not the case in mammals (Fig. 1a). In the two mam-
mals, frequencies of the TNR in intronic regions were more
suppressed than those in cDNA sequences. This tendency cor-
responds to that observed in a previous study of mammals
[16].
We counted microsatellites that were frequently found in
cDNA sequences and intronic regions (Table S2). Microsatel-
lites, including polyA/T tracts, (AAAN/NTTT)n, and
(AAAAN/NTTTT)n, appeared in the cDNA sequences in all
of the species. GC-rich microsatellites and (AG/CT)n were
abundant in cDNA sequences of rice. Some of these micro-
satellites frequently exist in the genomic region [17]. The most
common microsatellite in the cDNA sequences of Arabidopsis
was (AAG/CTT)n followed, in order, by (A/T)n, (AG/CT)n,
and (ATC/ATG)n. In cDNA sequences of both human and
mouse, (A/T)n and (AC/GT)n were abundant. The most abun-
dant microsatellites di¡ered in cDNA sequences of the two
plants, and the di¡erences between them were greater than
was the case in mammals. Among all four species, (A/T)n
was the most or second most abundant microsatellite in in-
tronic regions. Intriguingly, CG in the intronic regions of all
four species was suppressed compared to other dinucleotide
repeats. Similar tendencies have been reported in the case of
ESTs and GenBank data [16,18,19].
3.2. Strand speci¢city of microsatellites in cDNA sequences
We compared the numbers of two complementary micro-
satellites in cDNA sequences. The two-by-one contingency M2
test was adapted to detect the presence of any biases. In
plants, the frequencies of microsatellites consisting of pyrim-
idine-rich motifs, which contain CpT dinucleotides, were high-
er than those of complementary microsatellites with a few
Fig. 1. Frequencies of microsatellites by unit length in rice, Arabi-
dopsis, human and mouse. a: Frequency of repeats by unit length in
cDNA sequences. b: Frequency of microsatellites by unit length in
intronic regions.
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exceptions. For example, the (CCTCT)n frequency was 135,
whereas that of (AGAGG)n was 58, (CCT)n 1670 vs. (AGG)n
1372 and (CT)n 674 vs. (AG)n 533 in rice (see Table S3 for
details). In Arabidopsis, the proportions of (CT)n :(AG)n and
(CTTT)n :(AAAG)n were 390:226 and 125:77, respectively.
We also con¢rmed a mammal-speci¢c feature: microsatellites
containing polyC or polyT (e.g. (GTTTT)n) were positively
selected more frequently than were their complements. It is
worth noting that the frequencies of (ATG)n, which has the
potential to be a translation initiation and termination codon,
were remarkably higher than those of their complementary
microsatellites in all species.
3.3. Positions of microsatellites in genes and adjacent regions
In order to reveal the positional speci¢city of microsatellite
densities in the transcribed region and the adjacent region
(intergenic region), the relative position of each microsatellite
in various areas was calculated. We divided the transcribed
region, which consist of exons and introns, into the ¢rst exon/
intron, the second exon/intron, the middle exon/intron, the
second last exon/intron, and the last exon/intron. Fig. 2 shows
the distributions of microsatellites in the transcribed regions
and their up-/downstream regions. The most notable and
highest density region was the plants’ ¢rst exon (Fig. 2a,b).
A positional bias toward the transcription start site (TSS) was
observed in the plants’ ¢rst exon, and the magnitude of this
bias was predominant in rice. This tendency was also observed
in the ¢rst/second intron and the second exon. The plants’
microsatellite density began increasing gradually from the up-
stream region, and dramatically rose immediately upstream of
the TSS and reached a peak (about 2500^4700 counts/Mb)
downstream of the TSS, then subsequently decreased gradu-
Fig. 2. The microsatellite density in transcribed regions and their up-/downstream regions of (a) rice, (b) Arabidopsis, (c) human, and (d) mouse.
Figures illustrate the microsatellite density in speci¢c regions, which were de¢ned as follows: transcribed regions, which were interrupted in-
tronic regions, and adjacent regions were determined by mapping full-length cDNAs to the genomic sequences. Exons and introns were classi-
¢ed into ¢ve categories: the ¢rst exon/intron, the second exon/intron, the middle exon/intron, the second last exon/intron, and the last exon/in-
tron. Only transcribed regions consisting of more than six exons and ¢ve introns were considered to avoid the overlap in measurements. In
addition, 0.5 kb upstream of TSSs and 0.5 kb downstream of the 3P-end of the transcribed regions were de¢ned as intergenic regions. The num-
bers of analyzed loci in rice, Arabidopsis, human, and mouse were 5125, 2989, 4837, and 6235, respectively. All analyzed sequences possessed a
more than 0.5 kb upstream region from the TSS and a more than 0.5 kb downstream region from the 3P-end of the transcribed region. The rel-
ative position of the microsatellite in each exon or intron was calculated as the sequence length upstream of the microsatellite divided by the
length of each exon or intron excluding the microsatellite. The microsatellite density in the graphs was de¢ned as a count per Mb.
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ally along the direction of transcription. In contrast, in tran-
scribed regions mammals were symmetrically distributed (Fig.
2c,d). The microsatellite density in mammalian exons gradu-
ally decreased from the upstream region to the ¢rst exon and
increased from the last exon to the downstream region. How-
ever, no signi¢cant biases were seen in the introns of mam-
mals. Additionally, no signi¢cant bias toward the TSS was
detected in D. melanogaster ; this tendency was similar to
that of mammals (data not shown). The occupancies of the
protein-coding region in the ¢rst and second exons were not
particularly signi¢cant among four species (44.7%, 56.9%,
38.6% and 41.4% in the ¢rst exon, and 80.2%, 91.0%, 74.4%
and 81.6% in the second exon for rice, Arabidopsis, human
and mouse, respectively), indicating that the proportions of
the protein-coding region do not re£ect the di¡erences of the
microsatellite density among these four species. Another con-
spicuously high-density region is a downstream region £ank-
ing the 3P-end of the transcribed region in mammals. Most of
the microsatellites detected in this region were polyA tracts.
We have no clear explanation for this high-density region, but
considering that the human/mouse genome draft sequences
include ESTs and mRNAs, it may be an artifact of genome
assembly.
As previously stated, we have observed positive selections
for speci¢c microsatellites in whole regions of the cDNA se-
quences of plants. In addition, the strong bias toward the TSS
was also con¢rmed. Based on these observations, microsatel-
lites that presented preferentially near TSSs in the plants were
counted (see Table S4 for detail). Microsatellites including
CpT dinucleotides such as (CT)n, (CCT)n, (CTT)n, (CCTT)n,
(CGCT)n, (CCTCG)n, (CCTCT)n, (CGTCT)n, and (CTCTT)n
were found in both Arabidopsis and rice. Some of their com-
plementary microsatellites, such as (AG)n, (AGCG)n, and
(AGAGG)n, are also listed in Arabidopsis and rice. But GC-
rich microsatellites containing CpG dinucleotides ((CG)n,
(AGCG)n, (CCGT)n, (CGCT)n, (AGGCG)n, (CGTCT)n,
(CCGCG)n, (CCTCG)n, and (CCGCCT)n) were seen only in
rice.
4. Discussion
A recent study revealed that microsatellites in the tran-
scribed regions of Arabidopsis present more frequently in 5P-
UTRs than in coding regions or 3P-UTRs [20]. In the present
research, similar results were obtained not only in Arabidopsis
but also in rice. Furthermore, we con¢rmed a novel plant-
speci¢c feature in which a gradient in the microsatellite den-
sity exists along the direction of transcription. This plant-spe-
ci¢c feature was observed not only at the level of cDNA;
exon, but also at the level of the genomic DNA; exon and
intron. But the question arises as to why there exist only
microsatellites in the 5P-£anking regions, especially in plants
(rice and Arabidopsis), under such strong positive pressure. It
might be hypothesized that increasing the number of micro-
Fig. 3. Conserved microsatellites in orthologous genes. Predicted start codons are indicated by triangles. Sequences except for rice were re-
trieved from TIGR gene indices (http://www.tigr.org/tdb/tgi/). Orthologous genes were aligned using the CLUSTALW program. DDBJ IDs of
rice cDNAs are AK060711 for 60S ribosomal protein L4-B (L1), AK059262 for 60S ribosomal protein L35, AK058881 for 40S ribosomal pro-
tein S18, AK069764 for serine-tRNA synthetase, and AK060440 for tryptophanyl-tRNA synthetase.
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satellites in regions downstream of the TSS provide some
bene¢ts for the biological system, although most such fragile
regions are neutral or disadvantageous for these systems.
In some cases, microsatellites in regions downstream of the
TSS a¡ect transcriptional and/or translational control. The
pyrimidine-rich microsatellites, which contained CpT dinu-
cleotides, were the most notable type of microsatellite in the
two plants studied. It is known that increasing the length of
the (CT)n in the promoter region leads to activation of the
promoter, while substitution of (CT)n with purines decreases
the activity [21]. It is known that higher eukaryotic genes have
regulatory elements such as promoters, enhancers and si-
lencers located in their 5P-UTRs [22,23]. (AG)n is also detected
with signi¢cant bias in TSS-£anking regions, although their
frequency is less than that of CTs. Both polypyrimidine and
polypurine tracts such as (CT/AG)n and (CTT/AAG)n can
form non-B-DNA, and these unusual DNA structures poten-
tially play some important roles in transcription.
The frequent existence of GC-rich microsatellites such as
(CCG)n only in rice is due to the high G+C content, which
was higher than in the other three species analyzed (Table S1).
The higher G+C content at the 5P-ends of rice genes was
reported from the analyses of genome sequences [24], this
tendency corresponds to GC-rich microsatellites being fre-
quently detected in regions downstream of TSSs. (CCG)n
were observed in 5P-UTRs of many translation-related genes
in rice, and these microsatellites exist in orthologous genes
(Fig. 3). Evolutionarily highly conserved (CCG)n is evidence
of its essential function in these plants. It was found that
46.5% of translation-related genes that were annotated as ri-
bosomal proteins, translation initiation factors, translation
elongation factors, or aminoacyl tRNA synthetase, which
are indispensable housekeeping genes, contain some microsa-
tellites in their predicted 5P-UTRs. In addition, 54.8% of these
genes, having some microsatellites in the 5P-UTR, contain
(CCG)n. Some ribosomal protein genes of maize (ZmrpS21A,
ZmrpL39, ZmrpP0) possessing (CCG)n in their 5P-UTRs are
believed to be involved in the regulation of fertilization [25].
A more comprehensive and reasonable explanation for the
biased distribution of microsatellites is the cytosine methyla-
tion in plants, which has been reported frequently in recent
years. In plant genomes, cytosines in CpG and CpXpG sites
are methylated and maintained by DNA methyltransferase,
MET1 and CMT, respectively. Furthermore, non-CpG/
CpXpG asymmetric cytosines are also reported to be methyl-
ated in plants by DRM [26]. This fact indicates that micro-
satellites, which were frequently detected in plant genes, come
to contain a large number of cytosine methylation target sites
such as CCG, CCT, CTT, and other pyrimidine-rich motifs.
The interesting point is that transcription elongation is inhib-
ited by cytosine methylation in transcribed regions in fungi
and plants [27,28], and it has been reported that cytosine
methylation in the 5P-end of coding regions inhibits elongation
more e¡ectively in plants [28]. These facts concerning cytosine
methylation in transcribed regions may be related to the dis-
tribution gradient of microsatellites along the direction of
transcription in plants, suggesting that the microsatellite can
potentially act as a factor for repressing gene expression in
response to the cytosine methylation.
These microsatellites that were found to be positively se-
lected in regions downstream of the TSS, are highly conserved
among plants, and commonly exist in housekeeping genes,
perhaps have a signi¢cant functional meaning for plants. It
is expected that a thorough investigation into length polymor-
phisms and the variations in microsatellite methylation near
the TSS within individual species in plants will provide new
evolutional and/or functional information with regard to these
microsatellites.
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